This paper focuses on the effect of diabatic processes due to photochemical heating on long-period gravity waves in the stratosphere, mesosphere and lower thermosphere. A linear diabatic gravity wave model is established and compared to a model of pure dynamical adiabatic gravity waves. The results indicate that the photochemistry has a damping effect on gravity waves in most regions of the stratosphere and mesosphere. However, the photochemistry has a destabilizing effect on gravity waves in the mesopause region. The photochemical heating process can induce a comparatively strong enhancement of gravity waves at the mesopause for lower temperatures. In the summer polar mesopause region, this growth rate may be greater by about one order of magnitude than the growth rate of gravity waves at other seasons and locations.
Introduction
Gravity waves are one of the most common wave phenomena in the atmosphere. Gravity wave saturation and breaking have been recognized to play an essential role in the largescale circulation and chemical composition and energy budget in the middle atmosphere (e.g., Lindzen, 1981; Fritts, 1984; Garcia and Solomon, 1985; Lübken, 1997) . One of decisive factors of wave saturation and breakdown is wave amplitude (Lindzen, 1981; Fritts, 1984) . Thus, the study of the enhancement of wave amplitude during wave propagation is very important. It is common knowledge that gravity wave amplitudes grow exponentially with height due to the decrease in atmospheric density.
In the middle atmosphere, the fundamental processes include photochemical, dynamical and radiative processes. These processes are not independent, because the atmosphere is a highly interactive system characterized by non-linear coupling. Therefore, strictly speaking, any wave process in the middle atmosphere system will have chemical, thermal, and dynamical effects. Relatively little attention has been given to the effects of photochemistry on the propagation properties of gravity waves until now. A fundamental question has yet to be answered. Can the coupling among radiation, photochemistry, and dynamics results in the damping or enhancement of gravity waves? Leovy (1966) firstly pointed out that photochemistry could damp or enhance gravity waves and photochemistry could cause gravity waves destabilization near the altitude of mesopause. The growth rate of gravity wave has a scale of about 3 × 10 −6 s −1 . Owing to this small growth rate, this process has not been paid serious attention. Xun Zhu and Holton (1986) have investigated the damping effect of photochemistry on gravity waves in the stratosphere using a Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences. simple ozone photochemical model.
In recent years, many researchers (e.g., Harris and Adams, 1983; Brasseur and Offermann, 1986; McDade and Llewellyn, 1993; Mlynczak and Solomon, 1993; Riese et al., 1994; Meriwether and Mlynczak, 1995) proposed that the photochemical heating is one of the major heating source in the mesopause region. Therefore, it is plausible that the non-adiabatic process of photochemical heating could be important in the study of wave propagation in this region.
The purpose of this paper is to make an unitary gravity wave model in stratosphere, mesosphere and lower thermosphere considering the coupling between the photochemistry and the dynamics and use the latest knowledge about photochemical reactions and the associated heating to investigate the influence of photochemical processes on gravity waves in stratosphere, mesosphere and lower thermosphere. Xun Zhu and Holton (1986) considered the ozone continuity equation in their model. The effects of nitrogen, hydrogen and chlorine compounds were included by adjusting the pure oxygen destruction rate by an amplification factor e. The model in this paper considers all important photochemical reactions in the stratosphere, mesosphere and lower thermosphere. It includes the continuity equations of all major trace gases in this region. The results of this model are compared with the results from a pure dynamical adiabatic gravity wave. In Section 2, a model of gravity wave propagation which includes the diabatic effects of photochemistry is established. In addition, the method whereby the wave parameters, such as wave frequency and growth rate of the wave, are calculated is described. In Section 3, the calculated results are presented. For comparison, the growth rates of gravity waves are calculated for three circumstances: (1) gravity waves in pure dynamical adiabatic conditions, (2) gravity waves with the cooling process included and (3) gravity waves with the cooling and the heating processed simultaneously included. The damping effect of the photochemistry on gravity waves in the stratosphere is discussed. The enhancement effect of photochemistry on gravity waves in the mesopause region and its variation with temperature are described. Section 4 gives the conclusions. Holton (1972) has given the pure dynamical linear inertia internal gravity wave equations in adiabatic condition. If the diabatic processes of photochemical heating and cooling are considered, the linear inertia internal gravity wave equations are as follows:
Model and Calculation Method
whereū andv are the background wind components in x and y direction respectively. φ is the geopotential. n 0 i , (i = 1, 2, . . . , J ) are the densities of background trace gases. q 0 i , (i = 1, 2, . . . , J ) are the background trace gas mixing ratios. f is the Coriolis parameter. H is the scale height.
is the background temperature. N is the Brunt-Väisälä frequency. C p is specific heat at constant pressure. R is gas constant. P i and L i are the rates of photochemical production and loss for species i. Equation (5) is the photochemical reaction continuity equation for species i. Xun Zhu and Holton (1986) only considered the ozone continuity equation in their model. The effects of nitrogen, hydrogen and chlorine compounds were considered by adjusting the reaction rate of O + O 3 = 2O 2 . This model considers all important photochemical reactions in the stratosphere, mesosphere and lower thermosphere. It includes the continuity equations of all major trace gases in this region. Therefore, the effects of nitrogen, hydrogen and chlorine compounds are considered automatically. In the calculation, oxygen compounds: (O 3 
Heating rate H 0 includes solar heating, chemical reaction heating. C 0 is atmospheric infrared radiation cooling rate. The calculation method of solar heating and the heating due to the exothermic chemical reaction is the same as the method of Mlynczak and Solomon (1993) . The atmospheric cooling rate C 0 is calculated using the code provided by Fomichev et al., (1996) .
Assuming the existence of wave solutions of equations of the form
where β presents any one fluctuation of u, v, w, T and q i (i = 1, 2, . . . , J ). β 0 is the corresponding amplitude parameter of the wave. k, l and m are wave numbers in x, y and z directions respectively. exp
expresses the exponential growth with height of gravity waves due to the decreasing atmospheric density. ω is frequency of wave. It can be complex. ω = ω r + iω i . −ω i is defined as the growth rate of the wave. When −ω i < 0, the wave decays with time. In this case, ω i can also be defined as damping rate. If −ω i > 0, the wave is enhanced. Therefore,
Equation (6) is substituted into Eqs.
(1)-(5). Equations (1)-(5) become coupled equations which are composed of J + 4 equations. After eliminating the w 0 , the equations become
where A is a square matrix with dimension equal to J + 3 = 19, y is a vector which elements are u 0 , v 0 , φ 0 , and q 0i (i = 1, 2, . . . , J ). Here ω = ω r +iω i = ω 0r −kū −lv +iω i is the Doppler shift frequency and −ω i is the growth rate of wave. The unknown quantity ω of the coupled equations can be solved by calculating the eignvalues of matrix A.
Results and Discussion
For comparison, the discussions are made in three cases. Case 1. The gravity wave in adiabatic conditions.
In this case, the coupling between the dynamics and the photochemistry is lost. Equation (4) becomes (Holton, 1972) 
From Eqs. (1)- (3) and Eq. (8), we can obtain the dispersion relation as follow:
The dispersion relation (9) indicates that atmospheric gravity waves are dispersive waves. ω i = 0 indicates that the growth rates of gravity waves are zero. Therefore, for adiabatic conditions, atmospheric gravity waves are stable. Case 2. The effect of cooling process on the gravity wave.
In this case, the photochemical heating is not considered, therefore H 0 = 0. The net heating rate Q 0 = −C 0 . In order to obtain a simple analytical formula, the Newtonian cooling equation of the atmospheric cooling rate given by Dickinson (1973) is used in this case. Equation (4) can be revised as follows:
The dispersion relation derived from Eqs.
(1)-(3) and Eq. (11) is
where α is the Newtonian cooling coefficient. (12) indicates that the wave frequency is complex. When the wave frequency, ω f , from Eq. (12) we obtain
Expression (14) indicates that the atmospheric cooling process always damps atmospheric gravity waves. The damping rate is equal to half of Newtonian cooling coefficient. Case 3. The influence of cooling and photochemical heating on the gravity wave.
If atmospheric cooling and photochemical heating processes are considered simultaneously, the gravity wave is described by Eqs. (1)-(5). The photochemical heating is calculated using similar method of Mlynczak and Solomon (1993) . The atmospheric cooling rate is calculated using the code of Fomichev et al., (1996) . The wave frequency ω r and the wave growth rate −ω i can be obtained by calculating the eignvalues of matrix A in Eq. (7).
The rocket and radar data of Structure and Atmospheric Turbulence Environment (STATE) experiment, conducted during June 1983 at Poker Flat, Alaska, showed that there is a wide range of vertical wavelength (2-30 km) fluctuations near the summer mesopause. The horizontal wavelength is around 10 3 km (Fritts et al., 1988) . Therefore, as a representative example, the vertical wavelength and the horizontal wavelength are taken as 20 km and 1000 km for the calculations of the growth rate of the wave.
In the calculation, the background trace gas profiles are taken from the results of a one dimensional time dependent middle atmospheric photochemical model. The altitude range of the model is 10-150 km. More than 100 photodissociations and chemical reactions are considered in this model. Photochemical reaction rate constants come from NASA report (DeMore et al., 1992) . The main results of the model are similar to those of Allen's model (Allen et al., 1984) . However, according to recent investigations (e.g., Allen, 1986; Clancy et al., 1987; Strobel et al., 1987; Allen and Delitsky, 1991) in the upper mesosphere and lower thermosphere, there is great discrepancy between models and observations of the oxygen compounds. In order to make the results realistic, in the calculation of the gravity wave growth rate, the background ozone and atomic oxygen profiles are taken from observational results (Thomas et al., 1983; Llewellyn et al., 1996) .
The calculated results are shown in Fig. 1 . The dashed line is the result when the atmospheric cooling process is the only process considered. The solid line shows the result when atmospheric cooling and heating processes are considered simultaneously. The U.S. Standard temperature profile is taken as the temperature in the calculation. The temperature at the mesopause is about 190 K. Figure 1(a) indicates that in the range of 35-70 km photochemical reaction heating greatly increases the damping rate of the gravity wave. Comparing to the result where only atmospheric cooling is considered, the maximum increase is about a factor of three. This maximum occurs at an altitude of about 46 km. The damping rate is about 2.6 × 10 −6 s −1 or 0.22 day −1 . This result is very similar to that of Xun Zhu and Holton (1986) .
In the stratosphere, the greatest heating photodissociation is the absorption of solar energy by ozone, O 3 +hν = O+O 2 . Its heating rate at noon is about 17 K/day at the altitude of stratopause. The most important exothermic chemical reaction is O + O 2 + M = O 3 + M. Its heating rate is about 6.3 K/day. The heating rate of above two photochemical reactions is about 94% of total heating rate near the stratopause at noon. Above 36 km, dq O3 dz < 0. According to the discussion of Xun Zhu and Holton (1986) , the energy released by the ozone photodissociation will depress the gravity wave. The reaction rate constant of O + O 2 + M = O 3 + M is 6.0 × 10 −34 300 T 2.3 . The heating rate of this chemical reaction increases when temperature decreases. The temperature dependence of the exothermic chemical reaction rate depresses the wave amplitude as well. Thus the effects of both above two photochemical reactions are stabilizing. They have significant contributions to the damping rate of atmospheric gravity wave. The damping rates for different wavelengths are calculated. The results indicate that there are not obvious changes of damping rate for different wavelengths. For examples, when the horizontal wavelength and vertical wavelength are 2000 km and 20 km respectively, the damping rate is about 2.4 × 10 −6 s −1 . If the horizontal wavelength and vertical wavelength are 100 km and 5 km respectively, the damping rate is about 2.9 × 10 −6 s −1 . Figure 1(b) indicates that in the region of the mesopause, the photochemistry can induce the enhancement of a gravity wave. The reason for this behavior is that the mixing ratio of total odd oxygen increases with height near the mesopause region (Leovy, 1966) . Similarly, since the mixing ratio of ozone increases with height in the lower stratosphere, relatively weak destabilized effect on waves occurs near 30 km (see Fig. 1(a) ). For detail discussions about the effects of photochemical reactions on gravity waves, I refer the reader to Leovy (1966) and Xun Zhu and Holton (1986) .
The largest seasonal variation in temperature occurs at the polar mesopause. Many observations indicate that the polar summer mesopause is the coldest region of the terrestrial atmosphere. The average temperature is about 130 K (Von Zahn and Meyer, 1989; Luebken, 1990) , and a temperature below 100 K has recently been reported by Schmidlin (1992) . The mesopause temperature increases from the summer pole to the winter pole where temperatures of the order of 210-220 K are typical. Since the photochemical reactions of importance in this region have strong temperature dependence, it is of interest to investigate the variation of gravity wave growth rate induced by photochemistry within this temperature range. For this investigation three temperature profiles are used. In the first case, the temperature profile of the U.S. Standard Atmosphere is used. The temperature at the mesopause is about 190 K. The calculation indicates that the growth rate is about 3×10 −6 s −1 . This result is similar to that of Leovy (1966) . For the other two cases: the mesopause temperatures are 130 K and 110 K respectively. These temperature profiles are shown in Fig. 2(a) . Figure 2(b) shows the gravity wave growth rate profiles in the upper mesosphere and lower thermosphere corresponding to these temperature profiles. The calculations indicate that the maximum growth rate are about 2 × 10 −5 s −1 and 5 × 10 −5 s −1 respectively. Therefore, the lower the temperature, the greater the wave growth rate in the mesopause region. The region of gravity wave enhancement induced by photochemistry is from 80 to 92 km and the region of maximum enhancement is at about 84-86 km.
The major exothermic chemical reactions in the region of mesopause are shown in Table 1 . From Table 1 we can see that the chemical heating is closely related to the density of atomic oxygen. In the region from 80 km to more than 90 km, the mixing ratio of O( 3 P) increases with height. The photochemical heating rate is in proportion to the mixing ratio of O( 3 P). For downward motion, a descending par- 
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cel will contain more O( 3 P) than its surroundings and will be warmed diabatically. This process will produce a positive correlation between temperature and vertical velocity and increase gravity wave amplitude. The reaction rates in Table 1 increase when the background temperature decreases except for reaction R4. Therefore, when the background temperature decreases, the photochemical heating will increase. At the same time, the atmospheric cooling rate (caused by CO 2 , H 2 O and O 3 etc.) will decrease, causing the net heating rate to further increase. Thus when the background temperature decreases, the destabilizing effect of photochemistry will be intensified and the growth of gravity waves will be rapid.
The amplifying effect of photochemistry on gravity wave amplitudes is related to the time t 0 which is taken by gravity waves propagating through the enhancement region in addition to growth rate −ω i . The vertical propagation speed of a gravity wave is its group speed C g = ∂ω ∂m
. m is vertical wave number. Suppose the thickness of the enhancement region induced by photochemistry is D. Thus, t 0 = D C g . After passing through this enhancement region, amplitude of gravity wave is amplified by α P = exp
. α P is defined as amplifying factor caused by photochemistry. In addition, a gravity wave passing through this region from lower altitude will be also amplified due to the decreasing of atmospheric density. The amplifying factor due to the decreasing of atmospheric density is α ρ = exp
. H is the scale height. Thus, the total amplifying factor α of gravity wave passing through this region is
The amplifying factor caused by photochemistry α P of different vertical wavelengths for the altitude region of 84-86 km are calculated. In the calculation, D is taken as 3 km. Figure 3 gives the results of α P for three horizontal wavelengths of 500 km, 1000 km and 2000 km. Figures 3(a) and (b) is for the mesopause temperature of 130 K and 110 K respectively. Figure 3 indicates that α P increases with the increase of horizontal wavelength. α P reaches a maximum in the vertical wavelength region of 8-12 km. This is because that the longer the vertical wavelength and the shorter the horizontal wavelength, the faster the gravity wave speed and the shorter the t 0 . For instances, when the mesopause temperature is 130 K, and when the horizontal wavelength and vertical wavelength are 1000 km and 10 km respectively, t 0 is about 1 × 10 4 s. If the horizontal wavelength and vertical wavelength are 2000 km and 10 km respectively, t 0 is about 2.5 × 10 4 s. In addition, if the vertical wavelength is very short, the growth rate −ω i is very small. For examples, when the mesopause temperature is 130 K and the horizontal wavelength is 1000 km, if the vertical wavelength is 20 km, growth rate is about 25 × 10 −6 s −1 . But if the vertical wavelength is 6 km, the growth rate is only about 3.5 × 10 −6 s −1 . Thus, α P has peaks in the vertical wavelength region of 8-12 km.
From Fig. 3 we can see that when the mesopause temperature is 130 K, the maximum α P is about 1.2. If the mesopause temperature is 110 K, the maximum α P is about 1.4. However, when the mesopause temperature is 190 K, the maximum α P is only about 1.03 (this case is not shown in Fig. 3 ). For comparison, the amplifying factor due to the decreasing of atmospheric density α ρ of the altitude region of 84-86 km is about 1.3. α ρ has nothing to do with the wavelengths and frequency of gravity wave. Thus, when the mesopause temperature is low, the amplifying effect of photochemistry on gravity waves is comparable to the amplifying effect due to the decreasing of atmospheric density. Photochemistry will enhance the growth rate of gravity wave with height.
Conclusion
The gravity wave model which considers the effect of diabatic processes due to photochemical heating was established on the basis of the model of Xun Zhu and Holton (1986) in which the ozone continuity equation is considered. The model in this paper comprehensively considers the continuity equations of oxygen, nitrogen, hydrogen and chlorine compounds and all important photochemical reactions in the stratosphere, mesosphere and lower thermosphere.
A comparison between the adiabatic pure dynamical gravity wave and this diabatic gravity wave including photochemical processes indicates that the diabatic effect of the photochemistry indeed influences the propagation of the gravity wave.
In the stratosphere and lower mesosphere, photochemical reaction heating enhances the damping of gravity waves. However, the mesopause region is a special layer. In this region, the non-adiabatic process of photochemical heating cannot be neglected. These photochemical processes can produce gravity wave enhancement at the mesopause. Under the average conditions for which the mesopause temperature is about 190 K, gravity waves are enhanced in this region. However, the growth rate of the wave for these conditions is very small as shown previously by Leovy (1966) . This growth rate increases with decreasing temperature. Because the temperature at the polar mesopause decreases greatly in summer season, the growth rate is significantly increased. It is plausible that gravity wave may be enhanced by photochemistry in the region of about 84-86 km when the mesopause temperature is low. The amplifying effect of photochemistry on gravity waves is equivalent to the amplifying effect due to the decreasing of atmospheric density especially for vertical wavelength about 10 km and long horizontal wavelengths. Reid et al., (1988) and Lübken et al., (1997) measured the gravity wave momentum fluxes and suggested that the most intense wave breaking occurs above 86 km in polar mesopause in summer. Several mechanisms for dynamical instability and breaking of gravity waves have been proposed and studied by many researchers (e.g., Lindzen, 1981; Balsley et al., 1983; Fritts, 1984; VanZandt and Fritts, 1989) . Gravity wave amplification induced by photochemistry in mesopause region should be considered as an additional factor causing gravity wave breaking in the summer polar mesopause region.
On the other hand, the interaction between waves is very common in the actual atmosphere. The background field of a wave can be modulated by the other waves. Therefore, propagation of one wave can be influenced by the other waves.
However, the present model has a limitation for studying this process because that the model is linear. This process of nonlinear interaction between waves is very worth further being studied.
